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immune response during acute 
injuries and this activity is believed 
to be critical for restricting damage 
and facilitating repair. Indeed, a 
timely and controlled innate immune 
response limits CNS toxicity by 
eliminating foreign materials and 
debris, thus contributing to the 
creation of an environment that is 
more permissive for regeneration  
and recovery.
How are toxic proteins cleared 
by microglia? Since microglia are 
the macrophages of the CNS, the 
promotion of an increase in their ability 
to phagocytose highly toxic proteins is 
a promising new therapeutic approach 
to prevent many diseases. Toxic 
proteins are produced in a variety of 
brain diseases, such as Alzheimer’s 
disease (b-amyloid), amyotrophic 
lateral sclerosis (superoxide  
dismutase 1), and Parkinson’s disease  
(a-synuclein). Microglia are recruited 
in such conditions, but they are not 
necessarily efficient at phagocytosis 
and removal of these toxic proteins 
from the extracellular environment. 
In the case of Alzheimer’s disease, 
increasing the infiltration of blood-
derived microglial cells seems likely 
to be a useful therapeutic approach, 
since these cells are able to eliminate 
or prevent the formation of b-amyloid 
deposits. Immunization against 
b- amyloid stimulates the recruitment 
of bone-marrow-derived microglia 
and improves both the clearance of 
the protein and cognitive function. 
It is tempting to propose that such 
a strategy could also be efficient in 
clearing secreted and toxic proteins 
involved in many other diseases that 
affect the CNS.
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In the past 10 years, the world record 
for the men’s 100 meter dash has 
declined from 9.79 to 9.74 seconds, 
the detection of such small differences 
being made possible by sophisticated 
electronic timing devices. If someone 
were to run the 100 meters in 9.73999 
seconds in the 2008 Olympics, would 
the timers be sensitive enough to show 
him to be the world’s fastest human? 
Natural selection could, as differences 
in fitness of that magnitude (10−6) 
can be detected in species with large 
effective population sizes. In this way, 
natural selection can bring about the 
evolution of exquisitely well-adapted 
creatures.
Getting back to the race, imagine 
that one of the runners somehow 
manages to get a 50-meter head 
start. With such an advantage, even 
an overweight, out of shape, or 
injured athlete could win the gold. 
An analogous situation applies in 
evolution. Mendelian segregation, 
in which the two alleles carried by a 
heterozygous individual are passed to 
equal numbers of gametes, ensures 
that alleles compete fairly and that 
they succeed (or fail) on the basis of 
their effects on survival and fertility. 
Meiotic drive — the process by which 
alleles are not represented equally in 
an individual’s gametes — subverts the 
entire process. In the best documented 
examples of drive, one allele may be 
passed on to ~100% of an organism’s 
gametes, equivalent to a runner getting 
a 50-meter head start in the 100 meter 
dash. The overrepresentation of such 
alleles in gametes can more than make 
up for any associated deficiencies 
in survival and fertility. As a result, 
these alleles — and those closely 
linked to them — can rapidly spread 
through a population, and thus actually 
cause a decline in the adaptation of 
a species to its environment. If such 
an allele drives all the way to fixation, 
the species may end up a little less 
well adapted, but there would be no 
evidence that meiotic drive was the 
cause, as drive would no longer be 
expressed.
Other genes in the genome not 
linked to those causing drive suffer 
Primer the adverse consequences of being transmitted to suboptimally adapted 
individuals, but they do not enjoy the 
transmission advantage associated 
with drive. Consequently, alleles present 
in individuals expressing drive may 
have lower fitness than those present 
in individuals that do not express drive. 
Thus, one way for the unlinked genes to 
fight back is to suppress drive.
X chromosome drive appears to be 
particularly common, in part because 
it is so easy to detect, being manifest 
as skewed offspring sex ratios; 
autosomal drive can only be detected 
using genetic markers. Furthermore, 
strongly driving X (or Y) chromosomes 
cannot go to fixation, as this would 
result in the loss of one sex and 
extinction of the species. These 
are systems in which frequency-
dependent mechanisms may stabilize 
the polymorphism long enough for 
suppression to evolve.
Sex chromosome drive brings about 
another cost. For simplicity, I will 
specifically consider X drive in species 
with XY males. As a driving X increases 
in frequency, the population becomes 
ever more biased towards females. 
Because every individual in a sexual 
population has one mother and one 
father, the total fitness of males equals 
the total fitness of females in terms of 
offspring production. Consequently, 
as R.A. Fisher showed, individuals of 
the rarer sex are more fit on average. 
Because the driving X chromosome 
more frequently winds up in females, 
the autosomal genes associated with 
such X chromosomes suffer reduced 
fitness. Thus, autosomal genes that 
suppress X chromosome drive are 
favored, as are resistant variants of the 
Y, the direct target of X chromosome 
drive.
X chromosome drive has been 
known since the 1920s and has been 
documented in a number of species 
of Drosophila and other flies. Until 
recently, these cases were generally 
regarded as evolutionary novelty 
items, of no great consequence for 
larger evolutionary processes. But that 
is now changing, as the consequences 
of antagonistic coevolution between 
genes that cause drive and those that 
suppress drive are coming into focus.
Nowhere is this more evident than 
in Drosophila simulans, in which 
there are both ongoing, as well as 
apparently resolved, conflicts between 
X drive and various suppressors. 
Figure 1 illustrates cytologically, in 
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drive results in the production of far 
more X- than Y-bearing spermatids 
among those undergoing normal 
development. D. simulans has the 
most complex set of X drive systems 
yet discovered in any species. There 
are now known to be at least three 
independent X drive systems in this 
species, even though most flies in 
the wild produce normal offspring 
sex ratios (Tao et al., 2007). Despite 
many decades of genetic research 
on this species, it was not until the 
1990s that X drive was first identified 
as such, when crosses between 
individuals from different geographic 
regions uncovered the existence 
of previously suppressed drive. 
(Actually, earlier work in the 1960s by 
S. Faulhaber revealed the existence 
of an autosomal recessive allele 
that resulted in the production of 
female-biased offspring sex ratios; in 
retrospect, it is now recognized that 
the wild-type dominant allele at this 
locus is almost certainly an autosomal 
suppressor of X drive.) Individual 
populations that harbor the potentially 
driving X also carry autosomal and 
sometimes Y-linked suppressors, 
whereas populations lacking the 
suppressors essentially lack the 
driving X. Consequently, drive is rarely 
expressed in natural populations.
The other two X drive systems in 
D. simulans were discovered as a 
result of crosses with closely related 
species followed by introgression of 
specific heterospecific chromosome 
regions into an otherwise D. simulans 
background. One of these systems  
was discovered by introgressing 
portions of the D. mauritiana genome 
into D. simulans. The introgression  
of one 3rd chromosomal gene from  
D. mauritiana, called too much yin 
(tmy), resulted in males that expressed 
X drive. Therefore, the wild-type version 
of tmy in D. simulans is an autosomal 
suppressor of a driving X-linked factor. 
Another system was discovered by 
introgressing autosomal regions from 
a different species — D. sechellia — 
into D. simulans, although this drive 
system is apparently still polymorphic 
in D. simulans (Tao et al., 2007). The 
replacement of a 3rd chromosome gene 
(termed not much yang, or nmy) by the 
D. sechellia homolog resulted in males 
that expressed X chromosome drive. 
Thus, D. simulans carries an X- linked 
drive system that is suppressed by 
the autosomal gene nmy. Tao et al. Current Biology
Figure 1. Cysts from Standard and Sex-ratio males of D. simulans. 
The Standard male has equal numbers of X (yellow) and Y (red) bearing spermatids (bottom panel), 
whereas the Sex-ratio male has a preponderance of X-bearing spermatids among those under-
going normal development (top panels). Arrows denote abnormally differentiating spermatids. 
(From Cazemajor et al., 2000.)(2007) found that the normal nmy 
gene product in D. simulans is an 
RNA with an inverted repeat that 
results in formation of a hairpin loop. 
The double- stranded portion of the 
RNA is then processed to yield an 
RNA sequence that is postulated to 
inactivate the X drive locus (dox), with 
which nmy is homologous, via an 
RNA interference (RNAi) mechanism. 
It appears that the suppressor nmy 
arose as a result of a retrotransposition 
of the original drive gene (dox) to an 
autosomal location. Because this is 
the first case in which the suppressor 
of drive and the mechanism of 
suppression have been characterized, 
it is premature to determine whether 
this suppression mechanism should be 
viewed as unusual. Suppression via an 
RNAi mechanism could be vulnerable 
to counter-selection, as the drive 
system might become reactivated 
by elevating the expression of dox in a manner that titrates the nmy gene 
product.
Remarkably, all three of the drive 
systems in D. simulans appear to be 
genetically independent (Figure 2). 
Thus, in the recent evolutionary 
past, this species has apparently 
experienced the origin of at least 
three X drive systems followed by 
the spread and, in at least one of 
these cases, possible fixation of 
suppressors. This raises the question 
of whether D. simulans is particularly 
susceptible to the evolution of new X 
drive systems. Or was the discovery 
of multiple drive systems due to the 
fact that D. simulans can be crossed 
to close relatives and genetically 
manipulated in ways to uncover 
suppressed drive? 
If the potential for drive is 
widespread, this can have important 
consequences for both genome 
organization within species and 
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Figure 2. Schematic diagram of X drive and its suppression in Drosophila simulans. 
Drive (gray) and suppressor (blue) loci are shown for three independent drive systems. Fixed 
suppression systems in solid lines, polymorphic shown by dashed lines. The bold solid lines 
indicate interference with production of functional Y-bearing sperm. X and Y chromosomes 
shown in black.the origin of reproductive isolation 
between diverging populations. 
Meiotic drive works essentially as a 
two-locus system, involving a negative 
association (or linkage disequilibrium) 
between drive and sensitive target 
(or responder) loci. Because the 
X and Y chromosomes do not 
recombine over most of their length, 
X-linked drive loci do not require 
local suppression of recombination 
to maintain disequilibrium between 
drive alleles and sensitive responders. 
Nevertheless, X drive systems are 
often associated with inversions, 
suggesting that multiple X-linked loci 
are required for drive. For instance, 
recombination within the inverted 
section of the driving X chromosome in 
D. persimilis eliminates drive. Because 
these inversions can tie up significant 
blocks of genes, other loci that are 
unrelated to drive may exhibit specific 
molecular-level haplotypes associated 
with the drive, as has been found in 
D. pseudoobscura and the stalk-eyed 
fly Cyrtodiopsis dalmanni. 
Drive-specific haplotypes 
characterize the entire X chromosome 
in D. recens; although these loci span 
130 cM on the standard non-driving 
X chromosome (ST), they are tied up 
in multiple inversions in the driving X 
chromosome (SR), thus preventing 
recombination in heterozygous 
females. All driving Xs in this species 
have essentially identical haplotypes, 
and they all harbor the same recessive 
female sterile mutation, rendering 
SR/SR females sterile. The occurrence 
of specific nucleotide substitutions 
in this chromosome indicates that 
this drive system did not arise in 
the recent evolutionarily past. The inversion differences between SR and 
ST X chromosomes and the sterility of 
SR/SR females combine to completely 
prevent effective recombination of any 
driving X chromosome in this species. 
This chromosome is thus unable to 
recombine its way out of trouble, 
is likely to accumulate additional 
deleterious mutations, and will 
eventually go extinct. 
At the opposite end of the age 
spectrum, one of the drive systems in 
D. simulans appears to be extremely 
young. In a comparison between 
SR and ST chromosomes from 
Madagascar, there is a high level of 
linkage disequilibrium between two 
X-linked loci, which are both required 
for drive. However, the ST and SR 
chromosomes do not carry inversions 
that prevent recombination, and the 
two loci causing drive recombine 
freely between the two chromosome 
types. Molecular evidence points to 
a selective sweep of this region that 
may have occurred within the past 
100 years. An inversion that prevents 
recombination that ties the two loci 
together would probably be favored,  
all else being equal.
Thus, X drive systems can bring 
about linkage disequilibrium and 
depressed genetic variation in 
chromosomal regions varying in size 
from a few hundred kilobases to 
essentially entire X chromosomes. If 
X chromosome inversions arise as a 
response to drive suppression and 
result in the tying together of multiple 
loci required for drive, then the regions 
tied up in inversions may grow through 
evolutionary time. 
If X drive systems are characterized 
by antagonistic intragenomic coevolution — a tug of war over 
expression of a single drive system — 
then, at any given time, either the drive 
or the suppressors may be winning. In 
some species, such as D. recens and 
D. pseudoobscura, there is no evidence 
for suppression operating currently, 
even though these systems are old, as 
evidenced by the multiple inversions 
and patterns of nucleotide variation. 
In other cases, notably D. simulans, 
the suppressors are currently winning, 
as drive is expressed only in crosses 
between individuals from different 
populations or species. Other 
species, such as D. paramelanica, 
D. quinaria, and D. mediopunctata, 
are at an intermediate stage in being 
simultaneously polymorphic for 
both drive and suppression within 
populations. Alternatively, each round 
of drive and suppression could involve 
an entirely new drive system. This may 
be the case in D. simulans, where at 
least three different drive systems have 
been discovered. 
If the evolution of drive and its 
suppression is an ongoing process in 
some species, then cessation of gene 
flow between populations frees them 
to diverge in their drive-suppressor 
interactions. Upon secondary contact, 
hybrids might then carry incompatible 
combinations of drive and suppressor 
loci and thus might manifest 
abnormalities such as hybrid sterility. 
This idea was initially proposed over 
15 years ago by Frank (1991) and Hurst 
and Pomiankowski (1991), but it initially 
received little empirical support. More 
recently, however, this idea has found 
new life. Recall that the introgression 
of the tmy gene from D. mauritiana 
into D. simulans uncovered normally 
suppressed X drive in D. simulans, 
suggesting that the wild-type tmy in 
D. simulans suppresses X drive in this 
species. Remarkably, this same small 
genetic region from D. mauritiana 
causes high levels of male sterility in 
D. simulans, suggesting that the same 
gene causes both X drive and hybrid 
male sterility (Tao et al., 2001).
A comparable example has 
recently been uncovered by Orr and 
Irving (2005) in crosses between two 
subspecies of D. pseudoobscura. 
Crosses between females of the 
Bogotá subspecies and males 
from North America yield viable, 
but almost completely sterile, male 
progeny. These weakly fertile males 
exhibit X chromosome drive, siring 
female- biased offspring. Orr and Irving 
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potentials along non-myelinated 
invertebrate axons propagate at 
about 1 m sec−1 or less for an 
axon of ~10 µm in diameter. This 
is sufficient, however, for routine 
conduction within the framework 
of animals of relatively small size 
(between 0.1 and 30 cm) [4]. Among 
invertebrates, only the cephalopods 
(squid, octopus) have larger axons, 
but this large size is generally 
limited to those neurons involved 
in the rapid ‘escape’ response. By 
increasing the diameter of key axons 
up to 1 mm or more, cephalopods 
have increased action potential 
speed, and so have been able to 
evolve a larger body size. 
It should be noted that, in many 
invertebrate species, certain axons 
are covered with what are best 
characterized as ‘experimental’ 
forms of myelin [5–7], and indeed, 
these axons conduct at much higher 
velocities than their diameters 
would otherwise permit if they were 
bare. These devices work well for 
organisms with multiple ganglia, 
but must have been unsatisfactory 
for vertebrates, which, because of 
the physical constraints imposed 
by the skull and vertebral column, 
evolved instead a complex program 
to ensheath axons within a tightly 
compacted insulating membrane: 
the vertebrate myelin sheath 
that enables action potentials to 
propagate at 50 to 100 m sec−1 
along axons with a diameter similar 
to most invertebrates (Supplemental 
Results 1 in the Supplemental data 
available online).
It occurred to us that fossil fish 
might harbor some clues as to 
The origin of 
the myelination 
program in 
vertebrates
B. Zalc1,2, D. Goujet3, and D. Colman4
The myelin sheath was a 
transformative vertebrate 
acquisition, enabling great increases 
in impulse propagation velocity 
along axons. Not all vertebrates 
possess myelinated axons, however, 
and when myelin first appeared 
in the vertebrate lineage is an 
important open question. It has 
been suggested that the dual, 
apparently unrelated acquisitions 
of myelin and the hinged jaw were 
actually coupled in evolution [1,2]. 
If so, it would be expected that 
myelin was first acquired during the 
Devonian period by the oldest jawed 
fish, the placoderms [3]. Although 
myelin itself is not retained in the 
fossil record, within the skulls of 
fossilized Paleozoic vertebrate fish 
are exquisitely preserved imprints 
of cranial nerves and the foramina 
they traversed. Examination of 
these structures now suggests how 
the nerves functioned in vivo. In 
placoderms, the first hinge-jawed 
fish, oculomotor nerve diameters 
remained constant, but nerve 
lengths were ten times longer than 
in the jawless osteostraci. We infer 
that to accommodate this ten-fold 
increase in length, while maintaining 
a constant diameter, the oculomotor 
system in placoderms must have 
been myelinated to function as a 
rapidly conducting motor pathway. 
Placoderms were the first fish with 
hinged jaws and some can grow 
to formidable lengths, requiring a 
rapid conduction system, so it is 
highly likely that they were the first 
organisms with myelinated axons in 
the craniate lineage.
In non-myelinated axons, the 
propagation speed of the action 
potential is directly proportional 
to the axon diameter. In both 
vertebrates and invertebrates, axon 
diameter averages between 0.5 and 
30 µm. As a consequence, action 
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Figure 1. Fish cladogram (according to [8,9]).
 indicates extinct taxa.(2005) showed furthermore that the 
same chromosomal regions from the 
Bogotá X chromosome cause both 
the hybrid male sterility and meiotic 
drive. Genetic mapping studies have 
to date been unable to break up the 
association between male sterility and 
meiotic drive, suggesting that the two 
phenomena may be causally linked 
(Orr et al., 2007).
These studies show that X 
chromosome drive may contribute 
to reproductive isolation between 
diverging lineages and thus promote 
species diversification. However, 
as noted above, X drive can hinder 
adaptive evolution within lineages 
if it goes unsuppressed. Although 
it has been over 80 years since X 
drive was first reported, it is only very 
recently that the larger evolutionary 
implications have become appreciated. 
As more species are subject to genetic 
and genomic research, we will get a 
better idea of the pervasiveness of this 
phenomenon and its effects.
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